Zinc is an essential trace element with cofactor functions in a large number of proteins of intermediary metabolism, hormone secretion pathways, immune defence mechanisms, and as a cofactor of transcription factors it is also involved in the control of gene expression. Our study demonstrates that the modulation of intra and extracellular zinc alone is sufficient to induce metabolic changes or even apoptosis in two model human breast cancer cell lines MCF-7 and MDA-MB468. Treatment of breast cancer cells with different concentrations of a cell membrane permeable zinc chelator, N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and the membrane impermeable zinc chelator, diethylenetriaminepentacetic acid, (DTPA) resulted in a significant increase of cell death. Features of apoptosis, such as chromatin condensation and nuclear fragmentation accompanied the DTPA and TPEN-induced cell death. A significant increase in the activity of caspase-9 was observed in both cell lines; whereas, caspase-3 activity was only increased in MDA-MB468 cells since caspase-3 is not expressed in MCF-7 cells. Caspase-8 activation was negligible in both cell lines. Addition of Zn 2+ or Cu 2+ prevented DTPA and TPEN-induced cytotoxicity, indicating that both bivalent cations can be replaced functionally to a certain extent in our experimental system. Interestingly, addition of Ca 2+ , or Mg 2+ had no effect. The antioxidant N-Acetyl-L-Cysteine inhibited the cytotoxic effect of DTPA and TPEN, indicating that oxidative stress is the likely mediator of Zn-deficiency-related cell death.
Introduction
Cell death is essential for the homeostasis of multicellular organisms, as well as embryonic and post-embryonic development Hashemi and Kroczak, 2005; Los et al., 1997 Los et al., , 1999 . Zinc serves many essential functions in mammalian cells and is an important micronutrient involved in structural and regulatory functions (Berg and Shi, 1996; Vallee and Falchuk, 1993) . Zinc interacts with zinc-binding motifs, so called "zinc finger" domains, and thereby acts as a cofactor for several hundred enzymes (Heximer and Forsdyke, 1993; Klug, 1999; Prasad, 1991; Sukegawa and Blobel, 1993) . Additionally, many transcription factors contain zinc fingers that facilitate interaction with DNA. Zinc ions also specifically bind to various membrane receptors, transporters, and channels, thereby modulating their activity (Huang, 1997) . Hence, it is not very surprising that severe depletion of zinc has profound effects on cell physiology. Consistently, cellular zinc shortage induced by zinc-deficient medium or cell permeable zinc chelators, has been shown to result in cell dysfunction (Kennedy et al., 1994; Mares-Perlman et al., 1996; McClain et al., 1985; Prasad, 1985) as well as apoptosis induction in various cell types (Adler et al., 1999; Ahn et al., 1998; Martin et al., 1991; McCabe et al., 1993; Rudolf and Cervinka, 2004; Treves et al., 1994; Truong-Tran et al., 2000b; Zalewski et al., 1993) .
The impaired regulation of physiological cell death signalling may contribute to malignant transformation. Furthermore, recent observations suggest that this process might occur or be enhanced in the presence of zinc ions, since they are able to suppress apoptosis by interfering with several molecular targets in numerous cell types (Fukamachi et al., 1998; Perry et al., 1997) . We have previously shown that calprotectin (S100A8/ S100A9) and an extracellular Zn 2+ ion chelator, DTPA, induced apoptotic death of colon cancer cell lines (Ghavami et al., 2004) . Furthermore, several drugs have bivalent cation chelating activity (Behroozi et al., 1996; Bergan et al., 2001) . Thus, the purpose of this work was to study the biological mechanisms and significance of the depletion of labile endogenous Zn 2+ stores in the cell. One of the main problems in breast cancer treatment is the occurrence of estrogen receptor (ER) negative tumors that are resistant to anti-hormone therapy. To reveal possible ER-related differences in response to Zndepletion, two human breast cancer cell lines are used as a model, MCF-7 (ER + ) and MDA-MB468 (ER − ). In addition, caspase-3 is not expressed in MCF-7 cell line; therefore, this study will clarify the role of caspase-3 in zinc ion depletioninduced cell death.
Materials and methods

Materials and reagents
TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine), DTPA, Zinquin, culture media and related compounds were purchased from Sigma Co. (USA). Cell culture plastic ware was obtained from Nunc Co. (Denmark), caspase-3 and -8 colorimetric assay kits were from Sigma (Germany). Caspase-9 colorimetric assay kit (Cat. no. BF10100) was obtained from R&D systems Co. (USA). Monoclonal mouse-anti-cytochrome c antibody was from Santa Cruz Biotechnologies (USA).
Cell culture
MDA-MB468 and MCF-7 cells were incubated at 37°C in a humidified incubator with 5% CO 2 and 95% air.
Cytotoxicity assay
To evaluate the cytotoxic effect of DTPA and TPEN on the breast cancer cell lines; MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) colorimetric assay was applied (Ghavami et al., 2005a) . Briefly, asynchronously growing cells (1.5 × 10 4 cells/ml) were transferred into 96-well culture plates and incubated for 24 h. The culture medium was replaced by fresh medium containing different concentrations of DTPA and TPEN, and incubated for 24, 48 and 72 h. Then, the MTT assay was performed and cell viability was calculated using the equation: (mean OD of treated cells / mean OD of control cells) × 100.
Measurement of apoptosis by flow cytometry
Apoptosis was measured using the Nicoletti method (Barczyk et al., 2005; Maddika et al., 2005) . Briefly, cells grown in 12 well plates were treated with DTPA (0-100 μM), and TPEN (0-20 μM) for the indicated time periods, after scraping, cells were harvested by centrifugation at 800 g, 4°C, for 5 min. The cells were washed once with PBS, and then resuspended in a hypotonic PI lysis buffer (1% sodium citrate, 0.1% Triton X-100, 0.5 mg/ml RNase A, 40 μg/ml propidium iodide). Cell nuclei were then incubated for 30 min at 30°C and the nuclei were subsequently analyzed by flow cytometry. Nuclei to the left of the G1 peak containing hypodiploid DNA were considered to be apoptotic.
Analysis of cellular morphology
Cellular morphology was assessed as previously described in our laboratory using Hoechst 33258 fluorescence staining (Ghavami et al., 2005a) , and inverted microscope (Micros, Austria).
Quantification of intracellular labile Zn (II) by Zinquin fluorescence
Zinquin was used to estimate the intracellular zinc concentrations as described previously (Ghavami et al., 2004) . Briefly, after treatment with TPEN or DTPA for 24 h, 10 6 cells were incubated in PBS containing 1 mg/ml ovalbumin and 25 μM Zinquin for 30 min. After 30 min at room temperature, the cells were transferred into fluorimetry grade cuvettes, and the fluorescence was measured at excitation/emission wavelengths of 365/490 nm in a Shimadzu RF 5000 spectrofluorimeter.
Mitochondrial transmembrane potential (Ψ m ) analysis
To measure the Ψ m of our model cell lines, the fluorescent probe JC-1 (5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazole carbocyanide iodide) was used. JC-1 exists as a monomer at low values of Ψ m (green fluorescence), while it forms aggregates at high Ψ m (red fluorescence). Thus, mitochondria with normal Ψ m concentrate JC-1 into aggregates (red fluorescence), but with de-energized or depolarized mitochondria, JC-1 forms monomers (green fluorescence). Briefly, MCF-7 and MDA-MB468 cells treated with different concentrations of DTPA and TPEN for 16 h (5 × 10 5 ) were collected by scraping, washed in phosphate buffered saline (PBS; pH = 7.4), and incubated for 15 min at 37°C with 2.5 μg/ml JC-1. Cells were pelleted at 400 g for 5 min in room temperature, washed in PBS, and analyzed by flow cytometry using Coulter EPICS-XL (Coulter, Miami, FL, USA). The analyzer threshold was adjusted on the forward light scatter channel to exclude most of the sub-cellular debris. Photomultiplier settings were adjusted to detect JC-1 monomer fluorescence signals on the filter 1 (FL1) detector (green fluorescence, 530 nm) and JC-1 aggregate fluorescence signals on the FL2 detector (red fluorescence, 590 nm). Mean fluorescence intensity values for FL1 and FL2, expressed as relative linear fluorescence channels, were obtained for all experiments. In each experiment, at least 15,000 events were analyzed.
Cell fractionation
Cytoplasmic and mitochondrial fractions were separated by differential centrifugation (Barczyk et al., 2005; Maddika et al., 2005) . Briefly, the cells were treated with DTPA (50 μM) and TPEN (10 μM), then harvested and washed once with PBS after the indicated time points. The cells were resuspended for 5 min on ice in a lysis buffer: 10 mM Tris-HCl (pH 7.8), 1% Nonidet P-40, 10 mM mercaptoethanol, 0.5 mM PMSF, 1 mg/ml aprotinin and 1 mg/ml leupeptin. In some experiments, an equal amount of distilled water was added to the cells in order to increase the cell lysis. Cells were then sheared by passing them through a 22-gauge needle. The nuclear fraction was recovered by centrifugation at 600 g for 5 min, and the 'low-speed' supernatant was centrifuged at 10,000 g for 30 min to obtain the mitochondrial fraction (pellet) and the cytosolic fraction (supernatant). The mitochondrial fraction was further lysed in the buffer: 10 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA (pH 8.0).
Immunoblotting
The release of cytochrome c was detected by immunoblotting. The cells were treated with DTPA (50 μM) and TPEN (10 μM) for the indicated time periods and the extracts were prepared as described above. Protein (30 μg) was separated by denaturing SDS-PAGE and then transferred onto nylon membranes. The membranes were blocked in 5% non-fat dried milk in TBS and then incubated overnight with the primary antibodies at 4°C. The blots were then incubated with the corresponding secondary antibodies conjugated with HRP at room temperature for 1 h. Visualization was carried out by enhanced chemiluminescence (ECL) detection (AmershamPharmacia Biotech).
Caspase-3, -8, and -9 activation assays
Caspase-3 (using DEVD-pNA as substrate), caspase-8 (using Ac-IETD-pNA as substrate) and caspase-9 (using LEHD-pNA as substrate) colorimetric assay kits were used to investigate the activity of these caspases in the treated MCF-7 and MDA-MB468 cells. Briefly, to estimate caspase-3 and -8 activities, cells were lysed by incubation with cell lysis buffer on ice for 15 min and then centrifuged at 20,000 g for 10 min at 4°C. For caspase-9 activation assay, cells were lysed by incubation with cell lysis buffer on ice for 10 min and then centrifuged at 10,000 g for 1 min at 4°C. Enzymatic reactions were carried out in a 96-well flat-bottom microplate. To each reaction sample 5, 25, and 50 μl of cell lysate (100-200 μg total protein) were added for caspase-3, -8, and -9 respectively. Additional controls, one free from cell lysate and the other lacking substrate as well as caspase-3 and -8 positive controls were included. Protein content was estimated by Bradford method (Bradford, 1976) . The activities were expressed as nmol/min/mg protein.
Effect of N-Acetyl-l-Cysteine on DTPA and TPEN cytotoxicity
To study the involvement of reactive oxygen species in the induction of apoptosis, the cell lines were pre-treated with increasing concentrations of N-Acetyl-l-cysteine for 24 h. The cell lines were then treated with DTPA (100 μM) and TPEN (10 μM) for 48 h.
Effect of various bivalent metal ions on DTPA and TPEN cytotoxicity
To evaluate the effect of different bivalent metal ions (calcium, magnesium, copper, zinc), the cell lines were treated with DTPA (100 μM) or TPEN (10 μM) for 48 h in the presence of increasing concentrations of metal ions as indicated. Cell viability was then assessed by the MTT-assay (Ghavami et al., 2005a) .
Statistical analysis
The results were expressed as the mean ± S.D. and statistical differences were evaluated by one-way analysis of variance between groups (ANOVA) followed by Tukey's post hoc test. Statistical analyses were performed using the software package SPSS version 11. The P b 0.05 was considered significant.
Results
Both, intra and extracellular zinc chelators induce cell death
To determine the effect of DTPA and TPEN on cell viability we have tested the effect of zinc depletion by the MTT assay. As it is shown in Fig. 1 , treatment of MCF-7 and MDA-MB468 cells with DTPA and TPEN resulted in a significant amount of cell death that was both time and dose-dependent. However, both cell lines displayed a marked difference in their sensitivity toward both agents as far as time-course and effective doses are compared. The treatment of MCF-7 cells with the cell impermeable Zn chelator, DTPA, resulted in significantly reduced cell viability at concentrations higher than 40 μM within 48 and 72 h. At 24 h, the cytotoxicity was not significant at any tested dose (Fig. 1A) . In comparison, cells treated with DTPA showed significant cell death at concentrations higher than 60 μM within 24 h. At 48 and 72 h, cytotoxicity was significant at a concentration higher than 20 μM (Fig. 1B) .
Treatment of MCF-7 cells with the cell permeable Zn chelator TPEN resulted in significant cell death at a concentration much lower than used for the cell-membrane-imperme- able DTPA. Thus, TPEN was already toxic at concentrations higher than 10 μM (24 h treatment), 5 μM (48 h treatment), and 2.5 μM after 72 h of treatment, respectively (Fig. 1C) . The same trend could be observed for the MDA-MB468 cells. The TPENtreated MDA-MB468 showed significant cell death at concentrations higher than 5 μM at 24 h. At 48 and 72 h the cytotoxicity was significant at all doses tested (Fig. 1D) . For cell death type confirmation, MCF-7 and MDA-MB468 cells that were treated with DTPA and TPEN have been examined using flow cytometry, by Nicoletti method, which detects apoptosistypical hypodiploid nuclei. Percentage of apoptotic cell death has been shown in Fig. 2. 
Zn chelator induced apoptotic cell morphology
The cell morphology of treated and untreated cells was examined by phase contrast microscopy (Fig. 3) . In order to confirm the nature of changes promoted by TPEN and DTPA in MCF-7 and MDA-MB468 cells, we followed several apoptosisspecific features. Chelation of endogenous labile Zn caused loss of cellular adherence, cell rounding and shrinkage, which was followed by moderate and rather random membrane blebbing. The apoptotic changes are more pronounced in MDA-MB468 than in MCF-7. Thus, the morphology picture corresponds well to the data obtained previously by the MTT assay.
TPEN causes more pronounced intracellular labile zinc depletion, than DTPA
To survey the mechanisms underlying human DTPA and TPEN-induced apoptosis, the intracellular concentration of zinc ions was detected using Zinquin emission fluorescence assay. The results confirmed that the intracellular concentration of zinc ions was decreased in both cell lines that were treated with DTPA or TPEN (Fig. 4) . The cell permeable Zn chelator TPEN was, however, a more efficient Zn-depletor in both tested cell lines. Thus, the efficacy of intracellular Zn-depletion correlates with the ability of both chelators to induce apoptosis (Fig. 2) .
The role of mitochondria in zinc depletion-induced apoptosis
To gain more insight into the mechanism of apoptotic signalling triggered by DTPA and TPEN, we investigated the mitochondrial/apoptosome dependent apoptotic pathway. The mitochondrial pathway is mainly triggered by cell death signals that cause cellular stress (Banerji and Los, 2006; Philchenkov et al., 2004) . Thus, we studied the effect of DTPA and TPEN on the M was monitored by JC-1; a mitochondrial dye which shows decreased fluorescence when the mitochondrial membrane potential is lost. DTPA and TPEN caused a decrease in the mitochondrial membrane potential in a time and concentration dependent manner, suggesting an impaired functioning of mitochondrial respiratory chain (Fig. 5) . This experiment indicates that DTPA and TPEN triggered cell death is associated with the loss of mitochondrial membrane potential. The cell permeable Zn-chelator TPEN was inducing ΔψM to greater extent as compared to the cell impermeable (extracellular) Zn chelator DTPA.
The mitochondrial component cytochrome c is released upon DTPA and TPEN-induced cell death
To further examine the effect of extracellular and intracellular zinc ion chelators on mitochondria, we studied the release of cytochrome c. Previous studies have shown that release of cytochrome c from the mitochondrial intermembranous space into the cytosol is an important step in the activation of the apoptosome-dependent caspase cascade (Li et al., 1997; Slee et al., 1999) . Binding of cytochrome c to Apaf1 enables this protein to recruit caspase-9, thereby stimulating processing of the inactive caspase-9 zymogen into its active form and thus triggering activation of effector caspases and nuclear fragmentation (Pan et al., 1998; Zou et al., 1997) . The zinc ion chelatordependent release of cytochrome c from mitochondria has previously been reported (Johnson et al., 2000; Kolenko et al., 2001; Nagano et al., 1989) . To define the role of mitochondrial changes in apoptosis triggered by TPEN and DTPA we examined the kinetics of cytochrome c release from mitochondria and accumulation in cytosolic fraction of MCF-7 and DTPA cells treated with DTPA and TPEN by Western blotting using an anti-cytochrome c antibody. As shown in Fig. 6 , zinc ion chelator treatment of MCF-7 and MDA-MB468 cells caused a steady increase in cytochrome c level in the cytosol that preceded induction of membrane potential change (Fig. 5 ) and caspase-9 activation (Fig. 7) .
The detection of caspase-3, -8 and -9 activation
To explore the possible biochemical mechanisms underlying DTPA and TPEN-induced apoptosis, the activation of the caspase family of proteases was examined using colorimetric enzymatic assays. The following semi-specific substrates were used: Ac-DEVD-pNA (detects caspase-3/7), Ac-IETD-pNA (detects caspase-8), and Ac-LEHD-pNA (detects caspase-9). In MCF-7 cells the activity of caspase-9 was significantly increased upon treatment with DTPA or TPEN. MCF-7 cells however lack caspase-3 as a consequence of a 47-bp deletion within exon 3 of the pro-caspase-3 gene that alters the reading Fig. 7 . Enzymatic measurement of activity of caspase family of proteases. Activity of caspase-3 (DEVDase activity), caspase-8 (IETDase activity), and caspase-9 (LEHDase activity) in MCF-7 (A) and MDA-MB468 (B) cells following treatment with DTPA and TPEN for 48 h was quantified by an enzymatic assay (see Materials and methods section for details). DTPA (≥60 μM) and TPEN (≥7.5 μM) increased significantly caspase-9 (P b 0.05) and caspase-3 (P b 0.001) activity in MDA-MB468 cell line. DTPA (≥80 μM) and TPEN (≥7.5 μM) increased significantly caspase-9 (P b 0.05) activity in MCF-7 cell line. Caspase-8 activity did not show any significant increase in DTPA and TPEN treated cells (P N 0.05). Results are expressed as activity of the enzyme and represent the mean value for four repeats. Standard deviation bars were omitted to preserve figure's clarity. They were not higher than 4% of total values. frame of the message and results in an unstable truncated polypeptide (Kottke et al., 2002; Maddika et al., 2005) . As expected, no changes in caspase-3 activity in the caspase-3-negative MCF-7 cells were observed (Fig. 7A) . Furthermore, we did not detect any activity of caspase-8, thus the deathreceptor-dependent pathway appears not to be involved. In MDA-MB468 however, the activities of caspase-3 and -9 were significantly increased (P b 0.05) upon treatment with DTPA or TPEN (Fig. 7B) . Also in MDA-MB468 both Zn chelators failed to induce the activity of caspase-8. Thus, these results indicate that Zn-depletion triggers programmed cell death via the apoptosome-dependent, mitochondrial death pathway since we observed the release of cytochrome c to cytosol in the DTPA and TPEN-treated cells (Fig. 6) (Fig. 8) . Under all experimental settings tested, and regardless of concentrations compared, Zn 2+ supplementation more strongly counteracted the effects of DTPA or TPEN, than Cu 2+ or other bivalent cations. Thus, the disruption of Zn 2+ -dependent biologic processes, in a biological system where Cu 2+ could at least partially substitute Zn-ions was causing DTPA-or TPENtriggered apoptosis.
The effect of N-Acetyl-L-cysteine on TPEN-and DTPAinduced cytotoxicity
The activation of caspase-9 is characteristic for the classical mitochondrial, cytochrome c-dependent pathway. The bivalent cation supplementation experiments have shown that a chelating dependent mechanism was likely responsible for cytotoxicity. It also revealed the key role of Zn 2+ and Cu 2+ ions in the DTPA and TPEN-induced toxicity. Mitochondrial Cu/Znsuperoxide dismutase (Cu/Zn (II) SOD) is an important enzyme counteracting the damage induced by reactive oxygen species that are by-products of oxidative phosphorylation. Thus, to get further insights into the DTPA and TPEN-dependent cytotoxic pathway(s), we tested the effects of N-Acetyl-L-Cysteine, a broadly used clinical antioxidant, on DTPA-and TPEN-induced apoptosis. As shown in Fig. 9 , pre-treatment with N-Acetyl-LCysteine, prevents, in a dose-dependent manner, the DTPA-and TPEN-induced cytotoxic effect in both cell lines (P b 0.05). Thus, this experiment indicates that the DTPA-and TPENinduced toxicity is preventable by reactive oxygen speciesscavengers.
Discussion
Zinc is a critical cofactor of many cellular metalloproteins, including transcription factors, oxidation-reduction regulators, metalloproteases, and other proteins (Moss and Bartsch, 2004; Ostrowski and Kinsner, 2001) . Recent studies have shown that, besides its physiological role, zinc appears to be involved in regulation of cell proliferation and cell death. In the past decade, the existence of the cytoplasmic labile Zn pool has been revealed. This labile zinc pool may influence the mechanisms of cell death. Furthermore, alterations of zinc homeostasis have been reported to accompany numerous pathological conditions including cancer (Carter et al., 2002; Ho et al., 2003) . Zinc depletion-induced cell death shows classical hallmarks of apoptosis (Ahn et al., 1998; Chai et al., 1999; Elmes, 1977; Jiang et al., 1995) . Our results demonstrate that intracellular zinc depletion induced by DTPA and TPEN, induces apoptosis in breast cancer cell lines that occurs with the activation of caspase-9 but not -8. These findings, in combination with the observed mitochondrial membrane depolarization and cytochrome c release from mitochondria, strongly indicate that zincdepletion-triggered apoptosis relies on the mitochondrial/ apoptosome-dependent pathway.
Our results underline the role of labile Zn pools in antioxidant defence and the regulation of apoptosis. These endogenous Zn stores may be reduced or depleted by the addition of a membrane permeable or impermeable Zn chelator, TPEN and DTPA. Such experimental models have also been employed previously by several researchers, including our lab (Ghavami et al., 2004; Tang et al., 2001; Truong-Tran et al., 2000b; Wang et al., 2002) . Zinc is a part of the antioxidant defence system that protects cells from radicals and other oxidant species that are produced as a consequence of normal cell metabolism. Reactive oxygen species have been suggested to be involved in the initiation of apoptotic signalling. In our studies, we were able to show that the pre- treatment of cells with the antioxidant, N-Acetyl-L-Cysteine could prevent apoptosis induced by DTPA and TPEN. Prooxidant state could contribute to the molecular mechanism by which DTPA and TPEN exert their apoptotic effect. The protective role of zinc against oxidative damage is likely due to its function as a cofactor in Cu/Zn (II) superoxide dismutase, an enzyme which removes the superoxide anion radical (TruongTran et al., 2000a) . Furthermore, zinc can induce the synthesis of metallothionein, a protein that can chelate oxidation-reductionactive metals and scavenge hydroxyl radicals via its cysteine residues (Patricia et al., 2000) . Thus, the role of zinc in the maintenance of the cellular oxidation-reduction state extends beyond its function as a cofactor for Cu/Zn-superoxide dismutase.
Zinc deficiency could cause oxidative damage to lipids, proteins, and DNA (Bagchi et al., 1998; Burke and Fenton, 1985; Virgili et al., 1999) . In vitro studies have shown that depletion of intracellular Zn 2+ by treatment of cells with TPENinduced apoptosis (Adler et al., 1999; Ahn et al., 1998; Martin et al., 1991; Tjen et al., 2002; Treves et al., 1994; Yui et al., 2002; Zalewski et al., 1993) . Our results show that the membrane impermeable zinc chelator, DTPA, and membrane permeable zinc chelator, TPEN, both induced apoptosis in MCF-7 and MDA-MB-468 cells by the activation of the intrinsic/mitochondrial death pathway.
MDA-MB468 cells were significantly more sensitive towards zinc-depletion than MCF-7 cells, most likely because the latter lack the expression of caspase-3. It has been shown recently that pro-caspase-3 is stabilised in the presence of zinc ions, either directly through binding to Zn 2+ (Hyun et al., 2000; Marini et al., 2001) or indirectly through the effect of zinc on oxidation-reduction-controlled processes (Strasser et al., 2000) . Thus, Zn-depletion may have a direct effect on the activation of caspase-3.
Intracellular zinc depletion causes a significant cellular stress by itself, since this bivalent cation is critical for the function of several transcription factors and enzymes. Cellular stress is known to activate the mitochondrial/apoptosome-dependent death pathway (Brouckaert et al., 2005; Ghavami et al., 2005b Ghavami et al., , 2004 Krzemieniecki et al., 2006) . Moreover, mitochondria represent the cellular compartment responsible for generation of energy in the form of ATP. In addition, they may activate apoptosis by releasing cytochrome c (Barczyk et al., 2005) , along with other pro-apoptotic proteins, thereby activating caspase-9 and caspase-3, the major apoptosis execution enzymes Mignotte and Vayssiere, 1998) . In addition, recent studies indicate that mobilization of endogenous labile Zn pools might interfere with normal functioning of mitochondria, and it may be responsible for activation of apoptosis (Sensi et al., 2003) . Thus, consistent with the above reports, we found that chelation of intracellular labile zinc pools leads to the activation of the apoptotic cascade that is accompanied by the loss of mitochondrial transmembrane potential and caspase-9 activation.
In summary, we show that one of the major negative effects of Zn ion insufficiency in the cell is the inhibition of Cu/Znsuperoxide dismutase and, in consequence, an antioxidantpreventable induction of programmed cell death. Thus, Zndeficiency may have serious health consequences that are evoked not only directly, by the lack of Zn as a cofactor for metalloproteins, but also indirectly as an effect of oxidative stress within the cell. The oxidative stress may cause damage to various cellular organelles as well as DNA-strand breaks with the subsequent activation of cell death programs Pour-Jafari et al., 2005) . Furthermore, since "small molecules" (Hauff et al., 2005; Kroczak et al., in press; Mendoza et al., 2005) have superior pharmacokinetic features as compared to proteins and other macro-molecules, manipulation of the bioavailability of "trace metals" like zinc, that often function as cofactors, may prove to be a new promising way of pharmacologic modulation of metabolic processes.
